A technique for generating Rydberg wavepackets in preferred target states is demonstrated that exploits the mixed phase space structure of the periodically 'kicked' Rydberg atom. Experimental data and classical simulations for veryhigh-n Rydberg atoms are presented that show that application of a train of equispaced, unidirectional half-cycle pulses can lead to localization of the final wavepacket in classical stable islands. The product wavepackets are examined using a delayed half-cycle probe pulse. It is demonstrated that the motion of the wavepackets is either quasiperiodic or random depending on whether or not the initial state of the atom overlaps a stable island.
In recent years there has been increasing interest in the control and manipulation of atomic wavefunctions. Using current technology, specific targeted Rydberg wavepackets can be engineered and probed by means of carefully tailored electromagnetic pulses (Jones and Noordam 1998 , Mallalieu and Stroud 1994 , Reinhold et al 1997a , Ahn et al 2000 . Rydberg wavepackets provide a bridge between quantum and classical physics as they frequently display novel dynamical behaviours that mimic the classical motion of the excited electron. One important question in the preparation of such wavepackets is how to localize a Rydberg wavepacket in a preferred region of phase space (within the limitations of the uncertainty principle), which is much like localizing the momentum and coordinate of a classical electron.
In this letter we demonstrate a new approach to realizing this objective, that takes advantage of the dynamical properties of, and the mixed phase space associated with, the so-called 'kicked' Rydberg atom (Reinhold et al 1997b , Frey et al 1999 .
The kicked Rydberg atom can be realized by application of short unidirectional electric field pulses, termed half-cycle pulses (HCPs), to atoms in high-lying Rydberg states. In the limit that the duration T p of each HCP is very much less than the classical electron orbital period, given by T n i = 2πn 3 i where n i is the principal quantum number of the initial state, each electric field pulse F HCP (t) simply delivers an impulsive momentum transfer or 'kick' p = − dtF HCP (t) to the excited electron (atomic units are used throughout). For large values of n i , the orbital period becomes sufficiently long (T n i ∼ 10 ns at n i ∼ 400) that the short-pulse regime, T p T n i , can be accessed using HCPs produced by applying voltage pulses to a nearby electrode from a fast pulse generator. Earlier studies of the kicked Rydberg atom using a train of identical, equispaced HCPs revealed pronounced maxima in survival probability for certain values of the pulse repetition frequency ν p . This behaviour was explained by onedimensional and three-dimensional classical trajectory Monte Carlo (CTMC) simulations, which showed that some electrons are dynamically stabilized, becoming trapped in localized stable islands in phase space. Here we show that the surviving Rydberg atoms represent a Rydberg wavepacket that is localized in phase space. We investigate this wavepacket using a half-cycle probe pulse.
The present scheme for producing wavepackets can be described most conveniently with the aid of the one-dimensional model system described by the Hamiltonian
where q and p denote the position and momentum of the electron, respectively, → 0 is a quasi-angular momentum and H at is the atomic Hamiltonian. V PUMP describes the interaction of the electron with the HCP train, approximated as a series of δ-function kicks p PUMP , that leads to creation of the wavepacket. V PROBE describes the interaction with the half-cycle probe pulse that is applied following the last kick in the train after a time delay t D . (We note, however, that full three-dimensional calculations are performed for comparisons with experimental data.) Calculated survival probabilities for an n i = 390 'atom' following application of an HCP train and probe pulse are shown in figure 1 for several pulse repetition frequencies ν p , expressed in scaled units ν 0 = ν p /ν n i where ν n i = 1/T n i , as a function of the time delay t D before application of the probe pulse. The overall survival probability depends markedly on the frequency and the length of the train. For a small number of N = 20 kicks, the calculated survival probabilities for each value of ν 0 display pronounced periodic oscillations (quantum beats) with a period of ∼9 ns, comparable to the period associated with the initial state. For a large number of kicks, N = 1000, quantum beats in the survival probability are still evident for ν 0 = 1.3 and 0.56 but not for ν 0 = 0.7. This behaviour can be understood with the help of Poincaré surfaces of section for the kicked 'atom', which are included in figure 1. These reveal that the phase space of the system contains sizable stable islands enclosed by KolmogorovArnold-Moser (KAM) tori that are embedded in a chaotic sea. For ν 0 = 1.3 and 0.56, there is significant overlap between the initial atomic state, indicated by the thick dashed line, and one of these stable islands. In contrast, for ν 0 = 0.7 the initial state lies entirely in the chaotic sea. After a large number of kicks, the HCP train ionizes those atoms whose initial phase points reside in the chaotic sea by diffusion to the continuum. However, for ν 0 = 1.3 and 0.56, that fraction of the initial states that reside in one (or more) of the stable islands survives as a superposition of selected bound states, which as shown below leads to the observed quantum beats. The oscillations in survival probability result from the time evolution of the average electron momentum, p , following the train of kicks (Jones 1996 . The energy transfer to the excited electron that results from a single kick p PUMP is given by = n i p PUMP = −0.2, is the value for which the energy transfer E is zero. Clearly, the condition E ∼ 0 must be satisfied if the atom is to survive many kicks. The scaled electron momentum following each kick is thus p f 0 ∼ −0.1 but must evolve such that it has the value p 0 ∼ +0.1 immediately before the next kick. This evolution in p is reflected in the survival probability following application of the probe pulse. For small time delays t D , p is negative, which, since the pump and probe kicks have opposite polarity ( p PROBE ∼ +0.9), minimizes the energy transfer due to the probe pulse, leading to a maximum in the overall survival probability. At later times p changes sign and the energy transfer becomes a maximum leading to a minimum in the survival probability. The periodic variation in p thus results in the observed quantum beats. The damping of the beats occurs because the stable islands encompass states with a range of n values. The product wavepackets comprise a superposition of these states, each of which evolves at a different rate. For ν 0 = 1.3, the overlap between the initial energy level and the trapping island is bigger than for ν 0 = 0.56 and, therefore, the survival probability is larger. However, the beats are more pronounced and less rapidly damped for ν 0 = 0.56 due to the fact that the island is narrower. The width of the island along the q-axis at p ∼ 0 is directly related to the width of the frequency spectrum of the beats since it corresponds to the outer turning point of a Coulomb orbit, where q = 2n 2 . The islands are located near q 0 = q/n 2 i = 2 and have a width of q 0 ∼ 1 and q 0 ∼ 0.2 for ν 0 = 1.3 and 0.56, respectively. Thus, the former involves n ∼ (n i /4) q 0 ∼ 100 energy levels whereas the latter only involves n ∼ 20 levels, corresponding to frequency bandwidths ω/ω = 3 n/2 of ∼0.75 and 0.15, respectively. The reduction in bandwidth leads to a slower damping of the wavepackets.
The wavepackets discussed with reference to figure 1 originate from trapping in stable islands that enclose a period-one periodic orbit at their centre. It is also possible to create wavepackets whose centres involve other types of periodic orbit. This is illustrated in figure 2 for a period-two island. For such islands, successive kicks cycle the atom back and forth between upper and lower levels. Control can be exercised over which of these two states remains by applying either an odd or an even number of kicks. (Such a two-state system could, in principle, be used to represent a qubit. In the present case, however, the system resembles a classical bit since classical calculations describe its dynamics very well and a coherent superposition is suppressed.) This control is illustrated in figures 2(b) and (c), which display the ensemble of surviving bound trajectories after a large number of kicks. For N = 1000 kicks, the centre of the wavepacket overlaps with the n ∼ 390 level whereas after 1001 kicks the wavepacket is centred at around n ∼ 466, leading to quantum beat periods of ∼9 and 15 ns, respectively (see figures 2(d) and (e)). The wavepacket produced by 1000 kicks initially has a positive average momentum, which, given the polarity of the probe pulse, leads to a minimum survival probability at zero time delay. In contrast, the survival probability after 1001 kicks is a maximum at early times because the initial average momentum of the wavepacket is positive. Similar behaviour is found for other pulse train lengths, for example N = 100 and 101 pulses. What is important is whether the number of pump pulses is even or odd.
The one-dimensional simulations suggest that it should be possible to take advantage of the mixed phase space for the three-dimensional kicked atom (Frey et al 1999) to prepare Rydberg wavepackets experimentally that are localized in phase space. We demonstrate this here using an apparatus that is described in detail elsewhere , Tannian et al 2000 . Briefly Rb(390p) atoms are created by photoexciting ground state rubidium atoms contained in a collimated beam using an intracavity-doubled frequency-stabilized coherent CR699-21 Rh6G dye laser. The experiments are conducted in a pulsed mode. The output of the (cw) laser is formed into a series of pulses of ∼4 ms duration and ∼25 kHz repetition frequency using an acousto-optic modulator. Excitation occurs in near-zero electric field, 50 µV cm −1 . Approximately 200 ns after each laser pulse, the atoms are subject to a train of N identical equispaced HCPs, where N is typically in the range 20 to 100, that is generated by applying a series of voltage pulses to a nearby electrode. The width T p of each HCP is ∼500 ps FWHM, much less than the classical orbital period (T n ∼ 9 ns at n = 390). The characteristics of the surviving Rydberg atoms are examined using a half-cycle probe pulse of ∼2 ns duration that is applied after a predetermined time delay t D , typically in the range 1 to 30 ns. The HCP sequence experienced by the atoms is shown schematically in the inset in figure 3 . The number of excited atoms that remain after the probe pulse is determined by use of selective field ionization. Measurements in which no HCPs are applied are interspersed at routine intervals during data acquisition to monitor the number of Rydberg atoms initially created by the laser. The overall Rydberg atom survival probability is determined by taking the ratio of the Rydberg atom signals observed with and without HCP application.
Typical data showing the overall Rydberg atom survival probability as a function of the time delay t D between the last peak of the HCP train and the peak of the probe pulse are presented in figure 3 for trains comprising N = 20, 50 and 100 pulses. The pulse repetition frequency ν p corresponds to a scaled frequency ν 0 = ν p /ν n i = 1.3. Pronounced quasiperiodic oscillations in survival probability are observed, whose origin parallels that discussed for the one-dimensional kicked atom system. For each data set, the amplitude of the HCP train was adjusted such that ∼50% of the parent 390p atoms were ionized by the train. This results in a relatively small overall statistical uncertainty but does mean that the scaled momentum transfer p 0 delivered by each pulse in the HCP train must be reduced as the number N of pulses is increased. For the data in figure 3 , p 0 varies in the range 0.13 < p 0 < 0.27, Survival probability Time delay t D Figure 3 . Rb(390p) Rydberg atom survival probability after application of (a) 20, (b) 50 and (c) 100 unidirectional HCPs with a scaled frequency of ν 0 = 1.3 followed by a probe pulse in the opposite direction as a function of the time delay between the peak of the last pulse in the train and the peak of the probe pulse. The full squares are the experimental data; the full curves indicate the results of CTMC simulations that use the experimental pulse profiles. The inset illustrates a typical experimental pulse sequence which comprises a train of ∼500 ps wide HCPs followed by a ∼2 ns wide probe pulse. The amplitude of the HCPs was adjusted such that 50% of the atoms survive the HCP train, and had the values (a) 144 mV cm −1 , (b) 91 mV cm −1 and (c) 70 mV cm −1 . The peak field of the probe pulse was 160 mV cm −1 .
which encompasses the value used for the one-dimensional calculations in figure 1. (We have verified that the phase space structure of the kicked atom does not change dramatically within this range of momentum transfers.) The amplitude of the probe pulse was chosen to ionize about half of the surviving atoms, resulting in an overall Rydberg atom survival probability of 0.25-0.3 (the corresponding scaled strength of the probe was p 0 ∼ 0.9). Figure 3 also includes the results of three-dimensional CTMC simulations that are described in more detail elsewhere. Briefly, the interaction between the excited electron and the core ion is represented by a model potential that yields accurate quantum defects. (Calculations using a pure Coulomb interaction, however, yield almost identical results.) Because of the presence of small stray fields, it is assumed that the initial state corresponds to p states with a statistical distribution of m. The calculations are performed using the measured pulse profiles. We have verified that the theoretical predictions are little changed if the HCP train is approximated by a series of equivalent δ-function impulses. The simulations also assume that residual fields remaining following application of the pulse sequence are sufficient to ionize atoms with n 1200. As evident from figure 3, the model predictions are in good agreement with the experimental data, indicating that for the present range of times and scaled pulse repetition frequencies classical-quantum correspondence holds and CTMC simulations provide a good description of the behaviour of the wavepacket. In order to confirm that the observed wavepackets do indeed result from filtering associated with chaotic diffusion, measurements were also undertaken at other pulse repetition frequencies. Figure 4 compares overall survival probabilities measured using two different scaled pulse repetition frequencies, ν 0 = 1.3 and 0.7. Remarkably, the quantum beats observed for ν 0 = 1.3 are completely absent for ν 0 = 0.7, in accordance with the complete chaotic diffusion predicted by the simple one-dimensional model. As previously observed (Frey et al 1999) , the diffusion rate in the three-dimensional system is more rapid than predicted by onedimensional models and even after N = 100 pulses there is a clear distinction between the results for ν 0 = 1.3 and ν 0 = 0.7. Note, further, that the relative amplitude of the beats predicted for the one-dimensional system is larger than for the three-dimensional system. This is due to the fact that stable islands for the three-dimensional kicked atom are broader than those for the one-dimensional system and extend over more degrees of freedom (Frey et al 1999) . In order to produce better localized states experimentally, 'quasi-one-dimensional atoms' could in principle be created through excitation of extreme Stark states. In practice, however, this is difficult at very high n because the Rydberg levels are very closely spaced in energy and because the excitation spectrum can contain several interwoven Rydberg series associated with excitation of different isotopes and/or different hyperfine ground states. Currently, stable islands smaller than that for ν 0 = 1.3 are difficult to discern experimentally because of signal-to-noise issues and because this would require application of a large number of HCPs, which, for the present experimental arrangement, results in the gradual build-up of a small dc offset voltage on the HCP electrode.
This letter demonstrates that wavepackets localized in phase space can be created through a filtering technique based on chaotic diffusion in which only that part of the initial wavefunction positioned within a stable island survives. This approach requires a large number of kicks and large enough kick strengths such that stable islands are well separated from each other. Since the wavepacket is associated with dynamical stabilization it can, in principle, be 'trapped' for extended periods by continuing the HCP train and then 'released' at a specified time simply by turning off the HCP train. Following release, its subsequent motion is quasiperiodic and forms an excellent starting point for further control and manipulation of the atomic wavefunction. The main drawback of the present approach is that the filtering technique is non-unitary and a large number of the original Rydberg atoms are discarded. Work is in progress to develop optimal control protocols for reaching specific target states from a given initial state through approximately unitary transformations. This requires the optimization of the parameters of the pulse train including the width and shape of each pulse, their spacings and the overall envelope of pulse amplitudes.
